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A methodology for assessing the contrail impact on the radidtimget is developed to uskata
characterizing the frequency, areal coverage, optical depth, pasizeeand altitude of contrailsvith
observations of cloud and surface properties. The method is tested using various scenarios over the
United States to estimate contrail-induced albedo changes based on current aircraft fustatisige
The technique can be used for estimating infrared effects and the impact of future fuel-use rates.

1. INTRODUCTION

Increases in cloud cover due to contrads alter the local radiative balance by reflecting more
solar radiation and absorbing and emitting longwave infrared radiation [1]. Unden certditions,
such changesan affect regional weather and climate. The overall effect of contrailgiroate
depends on a number of factors including frequency tamithg of occurrence,areal coverage,
lifetime, altitude, location, and microphysicptoperties. Because theupper troposphere is a
relatively clean (aerosol-free) environment, the addition of high concentrations of cloud condensation
nuclei have the potential for making a larger impact thanweayd in the lower troposphere With
commercial air traffic expected to increase by more @@ percent by2015 [2], the effects of
aircraft exhaust on the atmosphere have become a subject of considerable interest leading to the NASA
Atmospheric Effects of AircrafProgram (AEAP), sponsor dhe Subsonic Assessmeli8ASS)
Project[3]. One of theSASS goals ishe evaluation of the contrail effect on climat&his paper
develops a new approach for assessing the radiative impact of contrails, the first step to understanding
the overall climatic effect.

Only a few satelliteanalyses have been performedi&termine the change a@toudiness due to
contrails. For exampldakan etal. [4] usedvisual analysis of thousands of quicklook from the
NOAA Advanced VeryHigh Resolution RadiometgfAVHRR) infrared images taken over the
northeastAtlantic and Europe testimate contraitloudiness for 1979-1981 ark989-1992. They
found a distinct seasonal cycle with a southward displacement of the contrail maximumdioirarg
Maximum contrail coverage in theanalysis occurred during summeentered along th&lorth
Atlantic air routes. The coverage over that area increased during the 10-year interim. Similar analyses
over the aircorridors ofthe U.S. have not yet beeperformed. In this paper, a new surface-based
contrail occurrence data base is used to estimate potential changes in albedo over the United States due
to contrail-cloud cover. A modeling approach is used to relate aircraft fuel usage to contrail-enhanced
cloud cover and ultimately to albedo changes.



2. METHODOLOGY

For agiven areaandlocal timet, the albedoa at the top of the atmosphere can be described
simply as a linear combination of the cloudy and clear albedos or

anat(t, @A) = acir(t,@A)(1- C) + acid(t, @A) C. 1)

where the fractional cloud cover i€, thesubscripts nat, clr, and cld refer to natural or contrail-
free, clearandcloudy, respectivelyand ¢ and A are latitudeand longitude, respectively. The
albedo for the same region in the presence of contrails can be estimated as

acoNt, @A) = acLrdt,@A)(1- C) + acLpc(t,@A) C. (2)
The albedo for the portion of the scene that contains contrails over an otherwise clear background is
acLrdt, @A) = acir(t,@A)(1- ceir) + acorlt, @A) Celr, )

where cqr =¢(2 -feig/ C), ¢ is the average contrail fractional coverdgethe area, andfgq is the
fraction of thetime that an area igvercast byclouds. Similarlythe cloudy albedavhen contrails
overlay the clouds is

acLpc(t, @A) = acid(t,@A)(1- celd) + acldc(t, @A) Celd, (4)

where cqig =c fog/ C. The total albedo is

Otot(t, @A) = analt,@A)(1- f) + acont.@) f, (5)
where the frequency of contrail occurrence is
f =f(t, @A). (6)

To determine the overall effect, the albedo must be integrated over all local times to determine the
albedo for the entire day. The mean daily albedo in all conditions is

_ 2 aiot(ti) Mo(ti) At;
Z po(ti) At

atoT(@A) (7)

where Ly Is the average cosine of the solar zenith angle for the time interval of IApgtkentered at
time tj, and i is thesubscript denoting particular mean local time. The mean daily albedo in the
absence of contrails is

2 anatlti) Ho(ti) At

aNAT(@A) = (8)
2 Uo(ti) At
The albedo change due to the contrails is
Aa(@A) = aToT - ONAT. 9)

A reasonable estimate of the monthly mean albedo charegea given montlean be derivedsing
(9) with the monthly mean contraitequencies and cloudover, effective solar zenith angles, and
mean cloudy and clear-sky albedos at each local hour.
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Fig. 1. Comparison of 3regional fuel use in upper Fig. 2. Mean hourly contrail frequencies for 19 U.S.
troposphere to mean contrail frequencies for U.S. sitessites during April relative to the average of 0.19. Curve
during April. Line is regression fit. is a second-order harmonic fit to the data.

3. DATA AND ANALYSIS

The area between 28 to 4N and 62W to 124W was griddednto 3 x 3 boxes and used to
represent the continental U.S. Baughcum (198é¢ntly produced Estimates thie 1992 scheduled
[5] and other[6] monthly mean aircraft fualsage as a function @ftitude were combined on & 1
latitude-longitude grid over theorld. Because most long-distance aircraft fly aboveng the fuel
usage for each month was averagedefmh 3 box between 8 and 14 km to yiek(@A) where @
and A are referenced to the center of buex. Monthly meanpersistent contrail frequenciésr 19
locations ovethe U.S. from 1993 and 1994 [7] wereorrelated withthe 8-14 kmaverage fuel use
rate for the nine °lboxes nearest to the surface site. It is assuhadueluserates were essentially
unchanged between 1992 and 1994. The frequency data are computed relative to the rwouaber of
when it was possible tsee contrails. Contrails weradeterminatewhen overcast conditions
prevailed. It is assumed hetbat contrail frequency is the saméor both unobscured and
indeterminate conditions.

Figure 1 shows the scatterplot and regression line for April where

f= bF, (10)

For this case, the coefficieftt is 0.107; the coefficient of correlation B= 0.57;the monthlymean
contrail frequency is @83; and F is given inpoundsper second. Thigelationship isused to
estimate f at locations ovethe U.S. during April. Similar correlations were performéddr each
month and a harmonic fit was applied to the results to obtain a smooth variabomih time. The
peak andninimum values of b occur during February anlily, respectively. The variation of b
empirically accountsfor the meteorological dependence of contradcurrence. The diurnal
dependence of contrail frequenaas estimatedusing monthly hourly meangor the 19 sites and
normalizing the data to thE9-site monthlymean. The expected frequency of occurrence at a given
hour is f(t) = &t) f, where 9 is the normalization factor for hour

Cloud amounts consist of monthly means derived ftben1985 International SatelliteCloud
Climatology Projec{ISCCP) C2product[8]. These means were interpolatedmatch the 3 grid
boxes used here. The surface-based observations of indeterminate contrails were correlated to the
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Fig. 3 - Mean cloud amount and indeterminate contrail
frequency for 19 U.S. sites during April with regression fit.
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monthly mearsurface-observed cloud fraction determinehow often contrailswould occur over
other clouds. A simple linear relationship,

fcld = bo + b1C, (11)

was used to represent the relative frequency of contrails over cldbdsscatterplot and ffor April
is shown in Fig. 2, wherdg = -0.504and by = 0.0152. The coefficientsverefitted to asecond
order harmonic to produce a smoothly varying set of conversion fiilmesachmonth. Using the
ISCCPdata tofind C for agiven region ananonth, it is possible tdetermine fgig from (11), f
from (10), and¢; from (6). The mean cloud optical depthswere also computed frothe ISCCP
C2 data.

Albedos at the top of the atmospherere calculatedusingthe methodology of Charlock et al.
[9] that is based on the radiative transfer model of Fu and Liou [10]. Stamdiatitudewinter and
summer atmospheres were usedtifigr appropriatenonths and an average thke two was used for
spring andfall months. Surface albedavas specifiedusing aland type map and the method of
Briegleb et al. [11] was used to relate albedo to surface type. monthly mean cloud optical depth
was inserted at 5 km and the contrail optical deptivasplaced atl0.5 km. Contrail coverage was
varied from 0 to 100%. The contrail optical depths were 0.0502]1,and0.3. The cloudparticle
effective radiusvas specified at 1qum and the contrail crystal effectidiameterwas set at 24um.
The clearand cloudy albedos were computedeath local timeor both contrail and contrail-free
conditions in a given region.
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Fig. 4. Estimated albedo change over the U.S. during April due to contrails of various
optical depths for (a) observed frequency and (b) 100% frequency.

4. RESULTS

Figure 4 shows thenean change in albedor April usingthe April 1990 ISCCP dataset. The
meanfrequency of contrail occurrence ovwbe U.S. for April is approximatelyl0% based on the
model used hereThus, the changes in albedor the observed frequencig&ig. 4a) are almost an
order of magnitudemaller than thd00% frequencycase. The meanlSCCP cloud coverfor the
domain is ~0.65 so the value §figis ~ 0.43.Assuming an average albedo®B8 forthe domain,
the change of 0.001 for = 30% and7 = 0.3 is a minor change of only 0.3%. A 186rease in the
albedowould require the contrails to completely fill a giveht®x with anoptical depth 00.3, an
unlikely scenario. If the contrails occurred at all times (Fig. 4b), the albedo change waquit be
noticeable. As seen in Fig. 5b, 30% coverage by the contrailstwit.3 would cause a shortwave
cooling of almost 4 W if the contrailsalways occurred, also amprobableevent. Ifthe current
frequency isused,the corresponding decrease in shortwave fluth®system is only ~0.4 Wra
The change in albedo or shortwave flux also depends on cloud amount because the impact of contrails
on albedo is relatively minor when they are over another cloud.
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Fig. 5. Same as Fig. 4 except for change in mean reflected shortwave flux.



The mean differences in albedo shown in Fig. 4 daanotratelyportray the regionafariability
in the albedo change. Maximum increase in albedo, 0083 (2,c = 30%) would beexpected over
the midwesternJ.S. from Chicago toNew York with a secondarymaximum from Miami to
Charleston, South Carolina. The contrail albedo change is even seen 100GHk@Nofth Carolina
coast. A third maximum would be expected over southern Nevada whereldttiely clearand air
traffic is heavy. Minimum albedo changes &end overthe northerntier of theU.S. and northern
Mexico. Although fueluse patternsare the predominant influence on the albetianges, the
correspondence is not entirely straightforward because of the cloud patterns.

5. CONCLUDING REMARKS

A methodology for studying the impact of contrails on the radiation budgdieen developed
usingrealistic fuel usage-contrail occurrertata,cloud observations, and surfaedbedos. This
method can also be adapted to examindahgwave warming effects of contrails anged to study
the effects of projected increases in fuel usage and changes ircdiigidors. In thisstudy, only 1
month of data over the U.S. was examined to study the impact of coalib@itk.Other months and
areas can be examined given t{mm®per relationship between fueke, contrails,and weather
conditions. Much additional information i®lso needed todetermine thebest values forcontrail
optical depth, coverage, and lifetimes.
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